Context: Elevated heart rate has been associated with insulin resistance and incident type 2 diabetes but its relationship with b-cell function is not known. Our aim was to investigate whether baseline heart rate is associated with b-cell function and hyperglycaemia. Methods: We used the prospective RISC cohort with 1005 non-diabetic individuals who had an oral glucose tolerance test (OGTT) at baseline and after 3 years. Impaired glucose regulation was defined as a fasting plasma glucose R6.1 mmol/l or a 2-h plasma glucose R7.8 mmol/l. Insulin sensitivity was assessed by the OGIS index and insulin secretion and b-cell glucose sensitivity at both baseline and 3 years. Results: Baseline heart rate was positively related to both fasting (P!0.0001) and 2 h glucose levels (PZ0.02) at year 3 and predicted the presence of impaired glucose regulation at year 3 in a logistic regression model adjusting for insulin sensitivity at inclusion (OR/10 beats per min: 1.31; 95% CI (1.07-1.61); PZ0.01). Baseline heart rate was associated with lower insulin sensitivity (bZK0.11; P!.0001), a decrease in both b-cell glucose sensitivity (bZK0.11; PZ0.003) and basal insulin secretion rate (bZK0.11; PZ0.002) at 3 years in an adjusted multivariable regression model. Baseline heart rate predicted the 3-year decrease in b-cell glucose sensitivity (bZK0.10; PZ0.007) and basal insulin secretion (bZK0.12; PZ0.007). Conclusions: Heart rate predicts b-cell function and impaired glucose regulation at 3 years in non-diabetic individuals, independently of the level of insulin sensitivity. These findings suggest a possible effect of the sympathetic nervous system on b-cell dysfunction, which deserves further investigation.
Introduction
Identification of factors predictive of b-cell failure is important for both prevention and treatment of type 2 diabetes. Elevated heart rate has been associated with an increased risk of type 2 diabetes in a number of epidemiological studies (1, 2, 3, 4, 5) . This association has been mainly attributed to increased insulin resistance, secondary to the activation of sympathetic nerve activity (6, 7, 8) . However, only one small longitudinal study (7) has assessed the predictive value of sympathetic activity on the development of insulin resistance and fasting hyperglycaemia, using surrogate measures of insulin sensitivity. In addition, the relationship between heart rate and b-cell function, a crucial player in glucose tolerance, has not been fully investigated so far. The mechanisms behind the increased heart rate and glucose intolerance association remain to be elucidated.
The aim of this analysis is to assess whether elevated heart rate predicts altered b-cell function after accounting for insulin resistance, over a 3-year follow-up in a cohort of non-diabetic subjects and to study whether this explains the association between heart rate and impaired glucose regulation (fasting plasma glucose R6.1 mmol/l or 2-h plasma glucose (following a 75-g OGTT) R7.8 mmol/l). We use the Relationship between Insulin Sensitivity and Cardiovascular disease (RISC) study which presents a well characterized cohort of about 1000 people with a baseline measure of clamp-based insulin sensitivity. At both baseline and after 3 years of follow-up, estimates of insulin secretion and b-cell function as well as model estimates of insulin resistance are discussed. In addition, we examine whether the association between heart rate and b-cell function is influenced by baseline leptin and non-esterified fatty acids (NEFA) concentrations, as these parameters have been reported to correlate with heart rate and sympathetic nervous activity (9) .
Subjects and methods

Study population
RISC is a prospective observational cohort study whose rationale and methodology have been published, as well as the characteristics of the individuals recruited (10, 11, 12) . Ethics Committee approval was obtained by each recruiting centre. Volunteers were given detailed written information on the study as well as an oral explanation, and they all signed a consent form.
Briefly, clinically healthy men and women, aged 30-60 years, were recruited from the local populations of 19 centres in 14 European countries. Initial exclusion criteria were treatment for hypertension, lipid disorders or diabetes, pregnancy, cardiovascular or chronic lung disease, weight change R5 kg in the last 6 months, cancer in the last 5 years and renal failure. Additional exclusion criteria were blood pressure R140/90 mmHg, fasting plasma glucose R7.0 mmol/l, 2-h plasma glucose (following a 75-g OGTT) R11.0 mmol/l.
We study 1005 healthy individuals (461 men and 544 women) who had an evaluation of both b-cell function and insulin sensitivity at baseline and who had complete data at the 3 year follow up (13) . No participant included was taking antihypertensive or beta-blocker medications at baseline.
Methods
Height, body weight, and BMI were recorded and fat mass were evaluated by the TANITA bioimpedance balance (Tanita International Division, Tokyo, Japan). Smoking was assessed from a questionnaire (14) . Information on physical activity was collected with the 7-day International Physical Activity Questionnaire (IPAQ), a previously validated assessment tool for international studies that evaluates daily physical activity habits (15) .
Blood samples were taken at fasting and at 30, 60, 90 and 120 min into the OGTT for central analysis of routine blood chemistry. Blood collected during the studies was separated into plasma and serum, aliquoted and stored at K20 8C for determination of glucose, insulin and C-peptide levels and K80 8C for lipids in central laboratories.
Glucose concentrations were measured by the glucose oxidase technique. Plasma insulin and C-peptide were measured by a two-site time-resolved fluoroimmunoassay (AutoDELFIA Insulin kit; Wallac Oy, Turku, Finland) using monoclonal antibodies, with the following assay characteristics (for insulin and C-peptide, respectively): sensitivity 1-2 and 5 pmol/l, within-assay variation 5% and between-assay variation 3.5%. Insulin area under the time-concentration curve was calculated using the trapezium rule. Serum leptin was determined by an in-house timeresolved DELFIA assay on an AutoDELFIA autoanalyser in Cambridge, UK. Measurement of plasma NEFA concentrations was carried out using Randox enzymatic kit (Hitachi Modular P unit). The CV was !5%.
On a separate day within 1 month of the OGTT, a hyperinsulinemic-euglycaemic clamp was performed to estimate insulin sensitivity. Details on the clamp procedure have been described (16) . Insulin sensitivity was quantified by the glucose infused over the last 40 min of the clamp (normalised by fat free mass), divided by the mean plasma insulin concentration over the same period, M/I.
Insulin sensitivity at both baseline and at year 3 was estimated with the oral glucose insulin sensitivity (OGIS) method, which has been validated against the insulin clamp technique (17) .
b-cell function was assessed from the OGTT using a model describing the relationship between insulin (12, 16) . Basal and total (integral during the OGTT) insulin secretion rates were determined using the model. For all statistical analyses, we used the product of either basal or total insulin secretion with the OGIS insulin sensitivity index to express the rate of insulin secretion, in relation with the concomitant degree of insulin resistance. b-cell glucose sensitivity is the mean slope of the b-cell dose response in the observed glucose range. This parameter measures the sensitivity of the b-cell to the glucose changes and is expressed in pmol/min per m 2 per mM (12).
Heart rate and blood pressure were measured in triplicate after 5 min of rest by trained study nurses using an OMRON 705CP (Omron Healthcare GmbH, Hamburg, Germany) with participants sitting according to a standard protocol. The median of these readings is used in the analysis.
Impaired fasting glucose is defined by a fasting plasma glucose R6.1 mmol/l, impaired glucose tolerance by a 2-h plasma glucose (following a 75-g OGTT) R7.8 mmol/l, and impaired glucose regulation by either or both of these conditions.
Statistical analysis
Data are expressed as meanGS.D. or as median (interquartile range) for variables with a skewed distribution and categorical data as percentages. Variables that were not symmetrically distributed were log transformed before analyses. Baseline characteristics, means and percentages were compared using ANOVA and c 2 tests respectively, according to quartile groups of baseline resting heart rate. A trend test was also used and a Mann-Whitney's test to compare values in quartile groups. Changes in metabolic variables over the 3 years (expressed as % from the respective baseline value) according to the quartile groups of heart rate at baseline were compared with a Kruskal-Wallis's test. Multivariable linear regression analyses were used to assess the association between heart rate at baseline and glucose, insulin sensitivity, and b-cell function at year 3, as well as with changes in these metabolic parameters (the difference between the values at baseline and year 3, divided by the respective baseline value). There were no deviations from linearity for these relations with heart rate as tested by spline analysis. Multivariable logistic regression analysis was used to analyse associations between heart rate and impaired glucose regulation at year 3. An interaction between baseline heart rate and insulin sensitivity was tested, and also adjustments by baseline leptin and NEFA. All multivariable analyses adjusted for age, gender, recruitment centre, physical activity (expressed as the number of Mets of all activity), smoking, waist, the M/I value at baseline and weight gain over the follow-up. We have not adjusted on baseline values of these variables but studied changes as recommended in the epidemiological literature (19) .
Changes in metabolic variables over the 3 years (expressed as % change from the respective baseline value) according to the quartiles of heart rate at baseline were compared with a Kruskal-Wallis's test. Paired values (year 0 and year 3) were compared using the Wilcoxon's test.
Statistical analyses used StatView (version 5.0, SAS Institute, Inc., Cary, NC, USA) and SAS version 9.2 (SAS Institute).
Results
Metabolic characteristics associated with heart rate at baseline Age, BMI, waist circumference and fasting glycaemia did not differ across the quartile groups of baseline heart rate, whereas the 2 h glucose concentrations increased with increasing heart rate ( Table 1) . As a consequence, the prevalence of impaired glucose tolerance at baseline increased across the quartiles of heart rate ( Table 1) .
A higher heart rate was positively associated with greater physical inactivity, higher plasma concentrations of leptin and fasting NEFA, and enhanced insulin resistance (as reflected by lower M/I and OGIS values) ( Table 1) .
Heart rate at baseline and impaired glucose regulation at year 3
In multivariable regression, heart rate at baseline, as a continuous variable, was significantly related to fasting (PZ0.003) but not 2-h glucose levels (PZ0.24) at year 3, after controlling for age, sex, recruitment centre, physical activity, smoking, waist circumference, insulin sensitivity at baseline, changes in body weight during the follow-up.
At year 3, 193 participants had impaired glucose regulation. Baseline heart rate, as a continuous value, significantly predicted the presence of impaired glucose regulation at year 3 in a logistic regression model after controlling for age, sex, recruitment centre, physical activity, smoking, waist circumference, insulin sensitivity at baseline and changes in body weight over the follow-up (OR per increase of 10 beats/min: 1.31; 95% CI (1.07-1.61); PZ0.01). The increased risk of impaired glucose regulation associated with elevated resting heart rate was independent of the level of clamp-based insulin sensitivity at baseline
www.eje-online.org (Fig. 1) . Additional adjustment for leptin or for NEFA in this model did not alter the significant associations.
Heart rate and insulin resistance at year 3
Baseline heart rate was associated with greater insulin resistance at year 3. In univariate analysis, the OGIS insulin sensitivity index at year 3 was higher for those with baseline heart rate below the first quartile as compared to those with heart rate above the last quartile (441.0G82.8 vs 422.9G64.9 ml/min per m 2 , PZ0.007).
In a multivariable linear regression model, baseline heart rate was negatively related to insulin sensitivity at year 3 (bZK0.11, PZ0.0001).
Heart rate and b-cell function at year 3
Heart rate at baseline, considered as a continuous value, was significantly and inversely associated with both basal insulin secretion rate (bZK0.11, PZ0.002) and b-cell glucose sensitivity (bZK0.11, PZ0.003) at follow-up in a multivariable regression analysis after adjustment for baseline age, sex, recruitment centre, physical activity, smoking, waist circumference and changes in body weight over the follow-up. Heart rate was also inversely related to total insulin secretion rate at year 3 but the relationship was not significant (bZK0.07, PZ0.94).
Further adjustment for baseline leptin or for NEFA concentrations or fat mass did not modify the inverse association between heart rate and either b-cell glucose sensitivity or basal insulin secretion at year 3.
Heart rate and changes in b-cell function over the follow-up A heart rate above the third quartile at baseline (R75 beats/min) was significantly related to a decrease in b-cell glucose sensitivity, basal and total insulin secretion rate over 3 years (Table 2 ). b-cell glucose sensitivity declined for those with a heart rate above the median at baseline, but this was significant only for those above the third quartile (Fig. 2) . 
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There was also an inverse relationship between baseline heart rate and the changes in both b-cell glucose sensitivity (PZ0.007) and basal insulin secretion rate (PZ0.007) when heart rate was considered as a continuous value, in a multiple linear regression, after adjustment for baseline age, sex, recruitment centre, physical activity, smoking, waist circumference and changes in body weight over the follow-up.
Discussion
The novel findings of this study are that elevated heart rate at baseline is associated with b-cell function and impaired glucose regulation at year 3 in healthy non-diabetic individuals, independently of the level of insulin sensitivity. These results are in keeping with previous evidence showing that heart rate is predictive of type 2 diabetes in the general population (2, 3, 4, 5, 20) . However, the precise nature of the pathophysiological relationship underlying the increased risk of hyperglycaemia in those with an elevated heart rate has not been explained. Resting heart rate is a marker of the autonomic nervous system, with elevated heart rate reflecting a shift in autonomic balance toward enhanced sympathetic nervous activity and reduced vagal tone (21) . Some evidence suggests that sympathetic activation contributes to the development of insulin resistance in humans (7, 8, 22, 23) . A pilot study showed that 3 months after renal denervation, fasting glucose concentrations were reduced in patients with resistant hypertension, suggesting that the sympathetic nervous system may directly modulate the glucose metabolism (24) . An inverse relationship between heart rate and insulin sensitivity, as assessed by an intravenous glucose tolerance test, was reported in the IRAS cohort (23) . Furthermore, a recent study demonstrated that pharmacological blockade of the sympathetic system improved insulin sensitivity in obese insulin-resistant patients, which supports a direct influence of the autonomic nervous system on insulinmediated glucose utilization in humans (25) .
Our observation that baseline heart rate is positively associated with the basal insulin secretion rate at year 3 is in keeping with findings from cross-sectional studies showing a positive association between heart rate and either first-phase insulin secretion (23) and insulin response to oral glucose (26) . We speculate that this is probably related, at least in part, to both the enhanced insulin resistance and the increase in plasma glucose associated with elevated heart rate, that stimulates insulin secretion, as a physiological compensation (16) .
To the best of our knowledge, there is no previously published data on the nature of the longitudinal relationship between heart rate and b-cell function. Impaired b-cell glucose responsiveness has been demonstrated to be a key determinant of the changes in glucose tolerance in healthy individuals (12, 16) . Therefore, our findings suggest that altered b-cell function may contribute to explain the predictive value of elevated heart rate for the risk of diabetes beyond insulin resistance. Prevalence impaired glucose regulation at year 3 (%) Figure 1 Prevalence of impaired glucose regulation (impaired fasting plasma glucose and/or impaired glucose tolerance) at year 3 according to both heart rate (HR) and insulin sensitivity (M/I) at baseline. P value adjusted for age, sex, recruitment centre, physical activity, smoking, waist circumference and changes in body weight over the follow-up. Table 2 Changes in b-cell function over 3 years according to heart rate at baseline, the RISC study. Changes in the variables are expressed as % from the respective baseline values. Data shown are median (interquartile range). P value from a Kruskal-Wallis's test.
Groups defined by quartiles of baseline heart rate 
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The association between elevated heart rate and b-cell function could reflect the effect of the sympathetic nervous system. Islet innervation of adrenergic nerves has been documented for many years (27) . A body of evidence in both animals and humans has demonstrated that sympathetic stimulation induces an inhibition of basal and glucose-stimulated insulin secretion (28, 29, 30) . The net effect of noradrenaline on insulin secretion might depend on the relative abundance or activity of a-adrenoceptors compared with b-adrenoceptors on the b-cells (29) . However, the impact of stimulation of the sympathetic nerve system on the sensitivity of the b-cell to glucose is still not known.
Tight interactions between leptin, the sympathetic nervous system activity and heart rate have been reported (31) . However, the fact that our results remain unchanged after taking concentrations of leptin into account argues against a potential confounding contribution of leptin in the association. Furthermore, the concentration of free fatty acids, which is associated with heart rate, does not explain the relation between heart rate and b-cell glucose sensitivity.
Early stage b-cell dysfunction has been characterized in the non-diabetic RISC population by impaired b-cell glucose sensitivity, a feature associated with heart rate in the present study (16) . Therefore, our findings suggest that elevated heart rate may help to identify the individuals who are at risk of impaired b-cell function beyond the presence of conventional metabolic risk factors. Further investigations are needed to confirm this concept.
Limitations of the present study include the absence of ambulatory heart rate assessment and recording baseline resting heart rate on only one occasion as has often been the case in previous epidemiological studies. Furthermore, we did not specifically assess the degree of physical fitness which may affect heart rate. We also did not detect undiagnosed obstructive sleep apnea that might have an impact on heart rate and sympathetic activity. The euglycemic clamp was performed only at baseline and the estimation of the changes in insulin sensibility over the follow-up was done with the OGIS index.
The strengths of the study are the large RISC cohort of healthy subjects, the assessment of b-cell function and insulin sensitivity at baseline and at 3 years with centralized laboratory assays and the measurement of leptin concentrations.
In conclusion, our study shows that in non-diabetic individual, elevated heart rate predicts a decrease in b-cell glucose sensitivity and a reduction in basal insulin secretion rate over the follow-up, suggesting a novel mechanism underlying the association between elevated heart rate and the risk of diabetes. These findings also suggest a possible effect of the sympathetic nervous system on b-cell function, which deserves further investigation.
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